Abstract. A vertical tomogram is constructed for the mantle between Tonga and Hawaii. Using a complete Gaussian-Bayesian approach, we inverted a data set comprising 304 ScS reverberation travel times with Fr6chet kernels computed by the paraxial ray approximation and 1122 frequencydependent phase delays of turning and surface waves with Fr6chet kernels calculated by a normalmode coupling algorithm. The model parameters include shear speed variations, perturbations to shear wave radial anisotropy in the uppermost mantle, and the topographies of the 410-and 660-km discontinuities. Tests demonstrate that the data set resolves lateral structures in the upper mantle with scale lengths of several hundred kilometers and greater. The most significant feature in our model is a well resolved regular pattern of high and low shear velocities in the upper mantle. These variations have a horizontal wavelength of 1500 km, a vertical dimension of 700 km, and an amplitude of about 3%, and they show a strong positive correlation with seafloor topography and geoid height variations. The geoid highs correspond to a series of northwest trending swells associated with the major hotspots of the Society, Marquesas, and Hawaiian Islands. Where these swells cross the corridor, they are underlain by high shear velocities throughout the uppermost mantle, so it is unlikely that their topographies are supported by thermal buoyancy. Although chemical buoyancy generated by basaltic volcanism and the formation of its low-density peridotitic residuum can explain the positive correlation between topography and velocity variation at the shallow depth, an additional mechanism is needed to account for the shear velocity pattern at depths greater than 200 km. It is therefore hypothesized that the central Pacific is underlain by a system of Richter-type convective rolls that are oriented subparallel to the absolute plate velocity, have unit aspect ratio transverse to this orientation, and are confined above the 660-kin discontinuity. This convection pattern appears to be strongly correlated with the locations of the Tahitian, Marquesan, and Hawaiian hotspots, which raises interesting questions for Morgan's hypothesis that these hotspots are the surface manifestations of deep mantle plumes.
PA5 is notable
The most compelling motivation for the study of this particular region is the prima facie evidence for along-path heterogeneity observed in the ScS,-ScS m differential travel times (Figure 3) . Their residuals relative to the PA5/PREM reference model are very large and systematic, with a range of about 8 s, and cannot be explained by near-source or nearreceiver structure. This high, along-path variability was first observed by Sipkin and Jordan [1980a] , who speculated that it might be diagnostic of small-scale, upper mantle convection rolls oriented by plate motion, as proposed by Richter [1973] and Richter and Parsons [1975] . Gee and Romanowicz [1992] collected more data that revealed the strong, nearly linear gradients of the residuals with epicentral distance evident in Figure 3 , and they also argued that these data require significant along-path structure, presumably in the upper mantle. The magnitude of variation in two-way travel time in this part of the Pacific is almost as large as, tbr example, the ScS 2-ScS differences observed across the major tectonic transition from the Tertiary Arctic Ocean basin to the Precambrian Siberian craton [cf. Sipkin and Jordan, 1976 , Figure 14 ]. Hence despite its apparent tectonic uniformity, the central Pacific mantle is strongly heterogeneous.
Because they used only vertically propagating ScS,, waves, neither of the earlier studies by Sipkin and Jordan [1980a] and Gee and Romanowicz [1992] was able to demonstrate conclusively that the locus of the heterogeneity was in the upper mantle. Global tomographic models, as well as higherresolution regional studies of the Pacific upper mantle [Zhang and Tanimoto, 1989] , have thus far revealed no indications of structural variations in the upper mantle with the magnitude and scale needed to explain the data in Figure 3 . Evidence has also accumulated for significant heterogeneity in the D" layer at the base of the mantle beneath this region [Dziewonski et al., 1996; Garnero and Helmberger, 1996; Wysession, 1996] , raising the possibility of a deep mantle origin. Based on our preliminary work, however, it appears that the residuals in Figure 3 are an expression of small-scale (-1500-km wavelength) heterogeneities several percent in amplitude located within the upper mantle and transition zone [Katzman et al., 1997] . We document this conclusion in this paper using an expanded data set and a more detailed exposition of the analysis techniques and inversion results.
ScS Reverberation Travel Times
At the epicentral distances in this corridor, the reverberative interval is populated by the primary ScS,, and sScS, phases with core reflection numbers n ranging from 2 to 4 and a series of reflections and multiple reflections from internal mantle discontinuities (Figure 4a ). The waves that reflect only once from an internal discontinuity are called first-order reverberations [Revenaugh and Jordan, 1987] ; in a spherically symmetric structure, they occur in dynamic families [Hron, 1971 [Hron, , 1972 ] that arrive with the same amplitude at the same time to form discrete phases which are significantly larger (by a factor of n or n+l) than the individual reflections. We denote such an arrival by the phase 
Synthetic Seismograms, Isolation Filters, and Fr6chet Kernels
In a spherically symmetric Earth, ScS reverberations do not experience critical phenomena such as turning points and caustics, and diffractions are unimportant; hence geometrical ray theory is usually adequate for computing synthetic seismograms [Revenaugh and Jordan, 1987] . This expectation can be confirmed by comparing ray theoretical synthetics for the reverberativ. e interval with those computed by complete (Figure 4a ). Since the former were summed only over the zeroth-and first-order reverberations, the good agreement also demonstrates that the second-and higher-order reverberations from the transition zone can be safely ignored (see Revenaugh and Jordan [1987] for comparisons with ray theoretic seismograms computed to second order).
We have adopted this first-order approximation throughout our analysis, except that all reverberations within the crust were included for every phase via a Haskell propagator. For each data record, a complete synthetic seismogram was calculated for the PA5/PREM reference model by summing over the zeroth-order phases and the first-order reverberations from the G, 410, and 660 discontinuities. All rays that contribute to the reverberative interval at these epicentral distances have nearly vertical paths through the uppermost mantle, so that in a radially anisotropic (transversely isotropic) Earth model like PA5, the appropriate shear wave speed is ,B v. Prior to summation, the travel time along each ray path was corrected for ellipticity and bounce point bathymetry; the latter was obtained by an appropriate spatial averaging of DBDB5 bathymetric model. Dynamic families were then summed, each pulse was causally attenuated assuming the Q structure of PA5/PREM (Figure 2 ) to be frequency independent, and the resulting record was convolved with the instrument response.
The isolation filters used in the measurement of the differential phase delays By(to) were constructed by summing only the contributions for the target wave group, which was either a single phase or a group of nearly coincident arrivals (see below). We disregarded the differential dispersion within a given arrival (which should be small for reflections from sharp discontinuities) and recovered the phase delays at a single center frequency f= 6o/2rr= 25 mHz. [1998] . The kernels from these two very different theories are similar, although the mode-based kernel is more diffuse near the source and receiver, where the paraxial approximation is known to fail.
One advantage of the fat ray kernel over the mode kernel is its computational efficiency, requiring orders of magnitude less computer time than the heavy calculations needed for the coupled mode summation. A second is that it can be separated into a component for each reflection in a dynamic family, which can then be individually corrected for ellipticity and seafloor topography, as discussed above. We used the fat ray kernels to make these corrections and in all inversions.
Sampling Properties
The tomographic power of the ScS reverberations derives from their multiplicity. Because of their nearly vertical ray paths, the times of the zeroth-order reflections are essentially insensitive to radial variations other than the mantle average, but they sample along-path heterogeneity in unique ways. For example, their surface reflection points are distributed such that the ScS 3-ScS 2 and ScS 4-ScS• differential times are particularly sensitive to lateral variations in the upper mantle near the center of the path having horizontal wavelengths of about one-third of the epicentral distance (Plates l c and l d).
Therefore, if the heterogeneity responsible for the large residuals in Figure 3 resides in the upper mantle, we expect it to contain significant power at wavelengths near ,5/3--15 ø.
As we shall see, this is indeed the case. 
Frequency-Dependent Travel Times of Turning and Surface Waves
The ScS reverberations yield valuable data regarding alongpath heterogeneity and discontinuity topography, but owing to their poor vertical resolution, they alone are insufficient to resolve the corridor structure at the level needed for a robust geodynamical interpretation. Their times have therefore been combined with measurements of frequency-dependent travel times from a diverse assemblage of shear-dominated turning and surface waves registered in the direct-phase interval o/' the seismogram. These arrivals include the direct S phase and its surface reflection sS, the first-orbit surface waves R I and G•, and several dispersed wave groups that include the surface reflected SS, sSS, and SSS. At the epicentral distances available for the Tonga-Hawaii corridor, the ray theoretic turning points for the latter set lie in the upper mantle or top part of the lower mantle. While the ray theoretic phase notation supplies convenient designations, it does not really characterize the essential nature of these waves, which are formed through a complex series of interactions with the free surface and upper mantle discontinuities and are better described as upper mantle guided waves. In fact, at these distances, the oceanic Love wave G I is itself an interference group comprising the fundamental and several higher modes [Thatcher and Brune, 1969 energies. The weights obtained in this construction form a set of structure coefficients {0 _< oq. _< 1, where k is mode index} that relate the isolation filter to m 0, and they also specify the Fr•chet kernel for fi•'(ro) as a sum over the kernels for individual modes [Gee and Jordan, 1992] . Examples of these structural factors are shown in Figure 8 . The GSDF theory thus yields a general procedure for constructing Fr•chet kernels for essentially arbitrary isolation filters in either the SH or P-SV system, which allows the same measurement technique to be applied to a variety of waveforms on any component of ground motion. In previous applications, the phase delays have been iteratively inverted using 1-D kernels to obtain corridor-averaged structures, such as the PA5 model. In the present study, we have utilized the 2-D kernels for •v(ro) calculated by a coupled-mode algorithm that accounts for wave interactions in the vertical sourcereceiver plane [Zhao and Jordan, 1998 ]. The algorithm is based on first-order normal-mode perturbation theory [Woodhouse, 1980 [Woodhouse, , 1983 , and the heavy computational labor required for a full implementation of the theory has been reduced in two ways. First, we have followed Li and Tanimoto Prior to measurement, the data seismograms and their corresponding synthetics were low-passed with a zero-phase filter having a corner frequency of 45 mHz. Isolation filters were constructed for candidate wave groups, and the data were downgraded or eliminated if the agreement was poor either because of low snr or interference by phases not included in the isolation filter (e.g., ScS). The isolation filters were crosscorrelated with the data seismograms, and the resulting time series were windowed and filtered in 5-mHz bands between 10 and 45 mHz. The phase delays recovered by fitting Gaussian wavelets to the narrowband cross cottelegrams were corrected for windowing and filtering effects and interference with other wave groups using the procedures discussed by Gee and Jordan [1992] . Table 2 summarizes the data distribution by wave type.
Vertical Tomograms
The ScS reverberation times and frequency-dependent phase delays have been inverted for 2-D structure in the vertical plane of the Tonga-Hawaii corridor using the model parameterization and the linear Gaussian-Bayesian inversion scheme described in this section.
Parameterization
The along-path structure was represented by a perturbation' The perturbation was assumed to satisfy the linear system A/Sin + BtSn + e -/Sd, 
Bayesian Inversion
For the 2-D inversions considered here, the dimension of the linear system (7) is sufficiently small that we could afford to invert the data and to evaluate the resulting model using a complete Bayesian methodology [ Tarantola We performed a number of additional inversions to test the sensitivity of the TH2 model to its Bayesian prior, five of which are shown in Plates 4b-4f. In each of these inversions, the full data set was inverted with the same I-D prior (5• as TH2, and only the parameters of the prior covariance Cram were modified. In the TH2.b inversion, the prior standard deviation for the radial anisotropy in the uppermost mantle was increased by a factor of 2 (•^N = 1%). The resulting anisotropic variation was larger, more than 3.5% peak-totrough compared to 1.2% for TH2 (Figure 9b ), but the basic features of the TH2 profile were preserved. In particular, the anisotropy perturbation peaks near the center of the corridor (0 = 38 ø) and declines to its minimum value near Oahu. This gradient is consistent with S20A, a radially anisotropic, 3-D global model complete to angular degree 20 [EkstrOm and Dziewonski, 1998 ], which shows a distinct minimum in (fill-fly)/,B0 in the center of the Pacific plate near Hawaii.
The total variation in this parameter along the Tonga-Hawaii corridor in S20A is about 2.5%, larger than TH2 but smaller than TH2.b. TH2.b fits the data somewhat better than TH2 (Table 3) the corridor is correlated with lower velocities, as predicted by the equilibrium-olivine thermal model. In the TH2.d inversion, we enforced the equilibrium-olivine thermal model of the transition zone by specifying the prior correlation matrix according to the procedure described previously (Table 3 ). The resulting 410 discontinuity topography was somewhat larger in amplitude, and the 660 discontinuity topography was somewhat smaller than in TH2, but the difference between the two (the transition-zone thickness) has a similar along-path structure: a positive perturbation near the center (25ø< 0 < 50 ø) and negative perturbations near the two ends (Figure 9c) . The two discontinuities are anticorrelated, although not exactly, owing to their radial separation, which lowers the Gaussian factor (15). In particular, the 410 discontinuity topography mimics the harmonic upper mantle variation, which has a slightly larger amplitude in TH2.d than in TH2, while the 660 discontinuity correlates with the smoother variation of the shear velocities in the upper part of the lower mantle. We conclude that the data are entirely consistent with the thermal model. As noted above, however, this model ignores the garnet-to-perovskite phase change, which occurs at around 660 km depth with a positive C!apeyron slope [Weidner and Wang, 1998 ] and can potentially affect the depth and sharpness of the 660 discontinuity [Puster et al., 1996] .
Moreover, this correlation has not been observed in global studies of transition zone topographies [Shearer, 1993' Flanagan and Shearer, 1998 ]. For these reasons, we did not impose the thermal-correlation assumptions on our preferred Kawasaki and Kon'no [1984] and Ma,pin [1985] , suggests that any along-path variations in azimuthal anisotropy will tend to be absorbed into the radial anisotropy, and their effect on the isotropic velocity structure will be correspondingly small. We conclude that at the scales resolved in this study, the anisotropic heterogeneity of the Tonga-Hawaii corridor is probably concentrated in the lithosphere and upper part of the low-velocity zone and that anisotropic effects associated with olivine alignment cannot account for the isotropic variations in TH2 and the other successful models of Plate 4. We shall therefore focus our discussion on the other two possible mechanisms for shear-wave heterogeneity: thermal convection and basaltic depletion.
Thermal Convection
Since basaltic depletion is thought to operate only in the mantle above 100-150 km [Ringwood, 1975; Liu and Chase, 1991] , it has difficulty accounting for heterogeneities much below this depth. Thermal convection thus provides the most satisfactory explanation for the upper mantle anomaly pattern, which is organized into cell-like features with an aspect ratio near unity extending from the lithosphere to the 660 discontinuity. One of the most puzzling aspects of our results is the strong positive correlation of the shear velocity variations with the geoid and topography, which implies that the hotspot swells overlie regions of mantle downwelling, at least along the Tonga-Hawaii corridor. The association of hotspot swells with convective downwellings does not imply that the hotspots themselves are sites of downwelling. Indeed, the high rate of localized, midplate volcanism observed at these Pacific hotspots requires that they be the sites of active mantle upwellings, i.e., plumes. Based on our results along the Tonga-Hawaii corridor, we cannot exclude, for example, the existence of a narrow plume (-100 km radius) right beneath Hawaii (3 ø away from our seismic stations on Oahu). The source depth of these plumes, however, is poorly constrained. If our results are taken at face value, then it would appear that they are features whose locations are controlled by a shallow system of upper mantle flow, rather than instabilities in the lowermost mantle as suggested by Morgan [1972] and others.
We can imagine, for example, a nearly steady state situation where the cooling oceanic thermal boundary layer becomes convectively unstable [Parsons and McKenzie, 1978] and feeds a secondary system of plate-aligned convective rolls, with a unit aspect ratio which are confined above the 660 discontinuity. In this hypothetical picture, the major hotspots of the Hawaiian, Marquesas, and Society Islands occur upstream from the convective downwellings, perhaps above strong plumes. These plumes could be generated by a We examine the statistical significance of ten specific features in TH2 ( On the whole, Plate 7 and 
Appendix C: Dynamic Compensation Models
We demonstrate here that the positive correlation between geoid highs of the swells and temperature lows (which are represented by the high upper mantle seismic velocities in TH2) can be explained by a dynamic compensation mechanism with a viscosity profile that includes a low-viscosity channel (LVC). It is important to emphasize, however, that the thermal convection models invoked in this appendix cannot explain the positive topography of the swells.
C1. Harmonic Analysis of Geoid and Velocity

Anomalies
In order to obtain a dynamic model for the mantle which satisfies both the seismological and the gravitational potential data, we analyze the correlation between the seismic velocities and the geoid anomalies around the dominant wavelength of the former. In all the calculations below, we have excluded the contribution from the 410 and 660 discontinuity topographies mostly because these parameters were more susceptible to errors in the seismic data (it was also found that their combined effect on the geoid is relatively small around the dominant wavelength of the analysis). We start by finding the harmonic degree and the phase that best fit the upper mantle velocity structure 
C2. Dynamic Calculations of the Geoid and Constraints on Viscosity Structure
The surface dynamic topography and geoid anomaly can be calculated for a given wavelength using the corresponding kernels and the harmonic coefficients for the velocity perturbations as a function of depth, after assuming a distribution of viscosity with depth and a scaling relation between the relative density and velocity perturbations [Hager and Clayton, 1989 ]. We also include the effect of an elastic lithosphere on the geoid kernels [Hager, 1991] The observed geoid anomaly was compared to the geoid predicted from a series of viscosity models. The viscosity profiles were prescribed relative to the viscosity in the transition zone because the gravitational potential depends only on the viscosity contrasts but not on the absolute viscosities [Hager and Clayton, 1989] . As a starting model, we employ a modified version of the Hager and Clayton [1989] preferred viscosity structure (Figure C la) . The 3.5 order of magnitude viscosity jump from the lid to the asthenosphere implies that the lid viscosity in this model is effectively infinite. The high-viscosity lid is assumed to be bounded at its bottom by the sharp G discontinuity of PA5, at 68 km depth . This viscosity profile also includes a low-viscosity asthenospheric channel with subasthenosphere viscosity, low enough to allow flow, and a high-viscosity lower mantle, which are all required in order to fit the global geoid observations [Hager, 1991] . Placing these viscosity jumps near the phase transitions at 400 and 670 km seems to be geophysically plausible [Sammis et al., 1977] . Since these elastic thicknesses are 3-5 times larger than those expected for the Tonga-Hawaii corridor [Cahnant, 1987] , these particular models are ruled out. An alternative way to fit the positive correlation between the geoid anomalies and the density distribution is by modifying the viscosity structure of the upper mantle (e.g., Figures C2a and C3a). It is easy to see that in order to obtain a geoid kernel which is mostly positive, one needs to invoke an LVC beneath the high-viscosity lid. The geoid kernels for a constant viscosity structure are always negative for all wavelengths because the gravitational effect from the boundary deformation overwhelms the effect from the driving density contrasts; adding a high-viscosity lid, which can support a larger surface deformation, will only make these kernels more negative [Hager and Clayton, 1989 ]. An LVC Figure C2d ). An alternative viscosity model, which fits the observation but does not include the sharp viscosity jump in the middle of the upper mantle, can be obtained by decreasing the viscosity of the asthenosphere by less than a factor of 2 and by placing a gradational viscosity increase from the LVC to the reference viscosity at 400 km depth ( Figure C3a ). This viscosity structure, which mimics the seismic structure of PA5 (Figure 2) , is more plausible for a mantle viscosity that is pressure and temperature dependent. Figure C3d provides some plausible bounds for hLv C and r/LVC for models of this type.
As a final comment on these dynamic compensation models, we note that the effect of the 410 and 660 discontinuity topographies on the geoid can be very significant at low harmonic degrees [Thoraval et al., 1995] . This effect is smaller, however, around the harmonic degree of our analysis (1 = 26), because the geoid kernels at both depths are quite small, especially around the 660 discontinuity (see Figures C lb, C2b, and C3b) . Moreover, the 410 and the 660 discontinuities are anticorrelated in the TH2 model, whereas the sign of the geoid kernels is the same at both depths; therefore the combined contribution from the two discontinuities tends to cancel. For the viscosity structure of Figure C2a , for example, the density contrast associated with the deflection of the two discontinuities can explain only about 7% of the geoid at l = 26. Although these thermal convection models can explain the seismic results and the geoid anomalies observed along the Tonga-Hawaii corridor, they fail to predict the positive topography of the swells above the high-velocity, "cold" regions. These models will always predict negative dynamic topography over the cold downwelling (note that the surface topography kernels are negative at all depths, e.g., Figures Clc, C2c, and C3c). Therefore we are forced to incorporate a shallow source of buoyancy with high seismic velocities beneath the swells to explain the observations. Compositional inhomogeneities associated with basaltic volcanism seem to provide the necessary mechanism.
